The degradation behavior of spherical coke samples was measured under sheer stress. The samples underwent the solution loss reaction until various degrees in several reaction temperatures (10-30 wt% and 1 273-1 573 K). A sample is settled between two horizontal boards with parallel grooves like washboard. The sheer stress was applied to the sample by sliding upper board at a certain cycle with a constant vertical load. The generated powder was sieved and weighed, and the appearance of the coke sample was observed. From the measurement of the powder generation rate and discussion on the reaction mode of the solution loss reaction, the degradation behavior can be explained by the distribution of local reaction degree within a coke particle. The powder generation rate from the samples reacted in lower temperature increases with increase in overall reaction degree because the reaction of coke substrate with carbon dioxide, namely the strength deterioration, proceeds in entire particle. The high temperature samples show little increase in the powder generation with the overall reaction degree since the surface reaction mode increases local reaction degree in the vicinity of particle surface and this reacted layer is also consumed from the surface. This dependency of the powder generation behavior on the reaction mode of the solution loss reaction measured in this study corresponds to the previously reported behavior in the raceway zone regardless of grinding mechanism. Therefore, it is considered that the single-particle degradation test of coke is an appropriate method to measure the degradation behavior of a coke particle under sheer stress.
Introduction
Movement of global environment protection has been giving social pressure to all industries to decrease energy consumption and environmental impacts. The iron and steelmaking industries have been received it strongly due to their industry scale and energy consumption. Among the processes in integrated steel works, blast furnace consumes more than a half of total energy input to the steel works. Therefore, a large amount of efforts to improve blast furnace operation have been made in recent years. To achieve highly efficient operation of the blast furnace, it is necessary to process more materials with less energy input than present operations and the permeability of packed bed in the furnace is requested being kept high to realize affluent material flows.
One of the mechanisms decreasing the permeability of burden materials in blast furnace is accumulation of fine powders in the packed bed. The fine powders consist of fine coke, unburnt char, fragments of iron bearing materials, and so on. To control accumulation of these materials, it is necessary to clarify powder deposition, reentrainment, consumption, transport and generation. A method to discuss powder accumulation is a kinetic based mathematical model [1] [2] [3] [4] [5] [6] and this technique is able to show the powder flow behavior, hold-up distribution, pressure drop, and so on. The authors' work 6) pointed out the heavy and large particles, namely coke fragments, were easy to deposit within the packed bed in the blast furnace. In addition consumption of reducing agent, especially coke, must be decreased for highly efficient operation of the blast furnace. This means that each coke particle has more chance to react and to be weakened. Therefore, understanding degradation of coke particles by reactions becomes more important.
Strength of coke particles is mainly evaluated through indices of drum test and tumbler test, for example JIS K2 151. Although these indices are very useful in many industrial situations, they indicate merely the ratio of degradation after applying certain mechanical impacts and are difficult to give the coke degradation region and the degradation rate that are fundamental information to determine flow region and flow rate of powders in the actual blast furnace.
The efforts to formulate fine coke generation rate had started 1980's, 7, 8) and lots of experimental study were made to clarify breakage behavior of coke afterward. [9] [10] [11] [12] They revealed that the behavior of coke degradation through bulk and surface breakage due to mechanical impact in raceway and sheer stress in shrinking flow region toward raceway zone. Watakabe et al. 13, 14) proposed a fine coke generation model in raceway zone taking into account formation of degradation layer in a coke particle due to solution loss reaction, breakage of this weakened layer by mechanical impact and combustion of detached materials. Their model succeeded to discuss effect of charged coke properties and operation condition on fine coke generation behavior. Yamaoka and co-workers [15] [16] [17] proposed a breakage model of brittle material based on fracture mechanism. In their model, generation rate of fine fragments is assumed proportional to the power of mechanical impact and inversely proportional to energy that is required to generate unit amount of fine powder, and the breakage of a particle occurred when the elastic stress given by the Hertz's law of contact exceeded compression strength of particle substrate. This model stands purely on mechanics and is considered to have wide applicability. This model, however, needs huge computation resources for the application to the actual packed bed composed of numerous particles. 18) Although they proposed a method to estimate the strength of the coke substrate, 19) it is considered to be necessary to collect fundamental information about mechanical properties of coke particles having various reaction histories. Additionally most of these research works mainly focused on coke degradation in raceway region. Among the above research works, only Fukada et al. 12) tested the degradation behavior under shear stress.
This study focuses on degradation of coke particles in shrinking flow of burden materials, and the coke powder generation rate from single coke particle reacted under various conditions was measured under sheer stress.
Experiments

Sample Preparation
A metallurgical coke of which drum strength (DI 15 
150
, JIS K2 151), strength after reaction (CSR) and reactivity (CRI) are respectively 84.5, 58.0 and 30.8 %, was used as original specimen. The coke particles produced even in one lot show wide variations of physical and mechanical properties. The lump coke having external fissure was eliminated, and one having density larger than 1000 kg · m Ϫ3 was used to avoid internal crack and uneven distribution of pore. The selected lump coke was cut and shaped into a sphere having diameter of 20Ϯ1 mm.
The spherical coke samples were settled in a furnace shown in Fig. 1 and heated in Ar-CO 2 atmosphere to undergo solution loss reaction. The furnace used in the sample preparation has a horizontal reaction tube (inner diameter is 80 mm), and two heating elements that can be controlled individually. The reaction gases, argon and carbon dioxide, are introduced from an end of reaction tube. The reaction gas is preheated during passing through two honeycomb heat exchangers that are inserted into the upstream side of reaction tube. Carbon dioxide in the preheated mixed gas reacts with coke samples set in the downstream side of reaction tube. The reacted gas flows out from the other end of the reaction tube.
The spherical coke samples were reacted in following conditions. The argon gas was fed to the reaction tube at the flow rate of 5.0ϫ10
Ϫ6 m 3 · s Ϫ1 after a sample is settled in the tube. The sample was heated up to given temperature at heating rate of 10 K· min
Ϫ1
. After the furnace temperature reached to the set temperature, the sample was retained 7.2 ks to stabilize thermal condition in the furnace. Then the gas was switched to the mixed gas of argon and carbon dioxide of which composition was Ar : CO 2 ϭ80 : 20 [vol%] . The flow rate of reaction gas was kept at 5.0ϫ10
. After the reaction degree of coke sample reached to the given value, only argon gas was fed to the reaction tube, and the sample was cooled at the rate of 10 K· min
. The reaction degree of coke samples was controlled by adjusting reaction time.
Three levels of the reaction degree, namely 10, 20 and 30 wt%, were tested in this study. The lower reaction degree was employed because the reaction degree of coke particle at which the particle reached the shrinking flow region could be lower than that when the particle entered the raceway zone. Additionally it was reported that the solution loss reaction was strongly suppressed in some blast furnace operations. 20) The maximum reaction degree was selected at slightly higher value than the range of the solution loss reaction degree in ordinary blast furnace operation. The reason for this selection was that the chemical reaction load to the coke particle was expected to increase under high efficiency operations. In addition it was expected that this selection would enhance the effect of reaction history on the degradation behavior.
The reaction mode of porous materials varies with reaction temperature. With increase in temperature the reaction mode changes from uniform reaction to surface reaction. To test degradation behavior of coke samples prepared under various reaction modes, selection of reaction temperature is important. Reaction temperatures were selected as follows. The reaction mode of solution loss reaction of coke particle is mainly determined by the ratio of chemical reaction rate to the feeding rate of gaseous reactant, namely carbon dioxide. The mass transfer rate of carbon dioxide to sample surface in Ar-CO 2 mixture is calculated by using the Ranz-Marshall type equation. 21) . The chemical reaction rate of solution loss reaction is calculated using Langmuir-Hinshelwood type equation 22) with rate constants reported by Miyasaka and Kondo. (5) where, coefficient C in Eq. (3) is conversion factor to give the unit of this equation as molar flux. The molar ratios of mass transfer to chemical reaction given by Eqs. (1) and (3) at various temperatures are summarized in Table 1 . At temperature of 1 273 K, ratio of carbon dioxide transferred to the sample surface to chemically reacted is about 7.5, and the reaction mode of solution loss reaction is considered uniform reaction. The ratio at 1 573 K is about a tenth, thus the reaction takes place near the surfac e of sample. For the temperatures between these two temperatures the mass transfer rate and the chemical reaction rate are comparable each other, the reaction is controlled by the mode of intra particle diffusion or mixed control. Additionally, the Thiele modulus, calculated using the above rate parameters and assuming the average pore diameter as 10 mm, varies from 0.22 to 3.11 corresponding temperature from 1 273 to 1 573 K. In the reaction condition with the lower Thiele modulus the solution loss reaction proceeds uniform over the coke particle. With the upper Thiele modulus, steep gradient of carbon dioxide concentration is formed in near particle surface region 24) and the solution loss reaction is expected to take place mainly in the outer region. Therefore, the reaction mode changes from uniform reaction to surface reaction within the temperature range from 1 273 to 1 573 K, and four reaction temperature every 100 K in this temperature range were selected.
Measurement of Degradation Behavior
The degradation behavior of the prepared samples under sheer stress was measured by the degradation tester shown in Fig. 2 . A spherical sample is placed between two boards having parallel grooves like washboard. The shape of the board is square having sides of 200 mm. The pitch and depth of the grooves are 4 and 2 mm, respectively. The lower board is fixed to the base and the upper one is connected to the biaxial slider. The upper board is connected to the counter balance to control vertical load applied to the coke sample. The upper board is also connected to a motordriven crank (not shown in Fig. 2) , and it slides horizontally and periodically.
Elasto-plastic analysis of solid movement and stress field in a blast furnace estimated that the vertical stress in the shrinking flow region toward the raceway is in a range from 50 to 100 kPa. 25) It is assumed that all particles existing in a cross section of the bed uniformly supporting the stress perpendicular to this cross section. With the values of 0.45 of coke bed voidage, 35 mm of coke diameter and 32 degree of internal friction angle, a particle receives horizontal load from 50 to 100 N. Degradation tests were carried out under vertical load of 58.8 N, board sliding cycle of 2 s and sliding width of 100 mm (covering a circumference of the spherical sample by single sliding motion). By this sheering load the coke powder is generated from the spherical coke sample. The test was stopped every 60 s, and the generated powder is collected, and the variation of the spherical coke sample is photographed. The powder sample is sieved into four diameter ranges, namely dϽ100 mm, 100 mmϽdϽ300 mm, 300 mmϽdϽ1000 mm and dϾ1000 mm, and each separated sample was weighed. can be explained by the difference in reaction mode. The reaction modes at 1 273 and 1 573 K are the uniform reaction and the surface reaction, respectively. The overall reaction degree of both samples are the same, 20 wt%. The local reaction degree in the vicinity of the surface of 1 573 K sample is higher than one of 1 273 K sample. Therefore, the more coke substrate at the particle surface is consumed in this condition and the surface of the sample reacted at 1 573 K becomes powdery. The powder generation rates averaged over grinding time of 300 s are compared in Figs. 4 to 6 . The powder generation rates obtained from the samples having same reaction degree reacted at different temperatures are compared in each figure, and all values shown in the figures are averaged value of several (3 to 8) samples. The powder generation rates from the samples reacted 10 wt% are smaller than ones from higher reaction degree samples. For this reaction degree, the powder generation rate increases with reaction temperature. The powder generation rates from the samples reacted 20 wt% are higher than ones from 10 wt% samples. For this reaction degree, the powder generation rate increases with temperature up to 1 473 K and shows the maximum at this temperature. The amount of the generated powder from 1 573 K sample becomes smaller than 1 473 K. For the reaction degree of 30 wt%, the powder generation rate decreases with increase in the reaction temperature. Regarding the samples of 1 273 K, the reaction degree of prepared samples at this temperature was scattered, and enough number of the samples was not obtained. Thus the generation rate from the samples reacted 30 wt% at 1 273 K is not shown in the figure. The samples from this condition often collapse during the grinding test. Figure 7 shows the variation of the powder generation rate with grinding time for samples reacted 20 wt% at different temperatures. The samples reacted at 1 473 and 1 573 K shows the maximum powder generation rate in the early stage. Contrarily the variation of the powder generation rate with the grinding time is small in the samples reacted at lower temperature range, namely 1 273 and 1 373 K, although they show somewhat jagged variation due to the large individual difference of lower temperature samples. Figure 8 shows the particle size distributions of powders generated from samples reacted at 1 373 K. As mentioned above the powder generated during grinding test was sieved and separated into four diameter ranges. The proportion among three diameter ranges except for larger than 1 000 mm show slight variation with the reaction degree. Contrarily the powders larger than 1 000 mm vary with the reaction degree. From the samples reacted 10 wt%, no powder larger than 1 000 mm generated. The mass fraction of this diameter range increase with increase in reaction degree, and it reaches about 17 % for the sample reacted 30 wt%. Figure 9 compares the appearances of samples before and after degradation test. The samples shown in this figure are reacted 20 wt% at 1 373 and 1 473 K. After four-minute grinding, the sample reacted at 1 473 K is whittled more than the sample of 1 373 K. The fracture plane of the 1 473 K shows surface with a luster in inner part of the particle while rough surface in near surface part. The fracture plane of the sample reacted at 1 373 K is rough in whole area. From these two samples, the amounts of the coke fine powder generated in five minutes were in comparable level, namely 0.76 and 0.87 g, respectively (averaged values for all samples tested in these conditions are 0.75 and 1.17 g). The degradation behaviors, however, were different. In first four minutes, 0.42 g of powder generated from 1 373 K sample, and 0.83 g from 1 473 K sample (0.57 and 1.10 g in average). In the following 60 s, powder of 0.34 g was from low temperature sample and 0.04 g from another (0.18 and 0.07 g in average).
Results and Discussion
Based on the observation of sample appearance and powder generation behavior, the variation of the local reaction degree distribution with reaction temperature and reaction degree can be summarized as shown in Fig. 10 . The tone in the figure indicate local reaction degree, black is unreacted and lighter gray means higher degree. In the lower temperature range, the solution loss reaction occurs uniformly over the particle. Thus the coke substrate is consumed uniformly, and the local reaction degree also increases uniformly with the overall reaction degree of the sample. This behavior is described in the figure as the gray tone becomes lighter with increase in reaction degree of sample. In the higher temperature range, the consumption of coke substrate proceeds only in the vicinity of particle surface. Therefore, inside of the particle is unreacted or slightly reacted. In the middle temperature range, the reaction proceeds faster in the interior of particle surface while the inner part reacts slower. From these variation the degradation behavior can be explained as follows.
Under the lower reaction degree conditions, the local reaction degree within the reacted region increases with increase in the reaction temperature while the volume of reacted region decreases. Thus it is considered that the strength of the coke substrate within the reacted area gets weakened with increase in the reaction temperature. Consequently the powder generation rate increases with reaction temperature although the total amount of powder generation is small because the volume of the reacted area and the degree of brittleness of the coke substrate are still low.
The increase in the overall reaction degree of a sample gives little growth of the reacted layer in the high temperature samples because the consumption of coke substrate proceeds preferentially from the particle surface. Thus the major part of a particle is possessed by the unreacted or slightly reacted substrate that keeps comparable strength to non-reacted sample. As a result, samples reacted in the higher temperature range show little increase in powder generation rate with increase in the overall reaction degree of the sample.
Contrarily the substrate of the samples reacted in the lower temperature range is weakened uniformly over the entire particle by the increase in the overall reaction degree of the sample. Therefore the powder generation rate increases with the overall reaction degree of the samples.
From the above discussions, the degradation behavior of coke particle under sheer stress can be explained by the reaction mode of solution loss reaction and consequent distribution of local reaction degree within a coke particle. This variation of the powder generation with reaction history follows the ones obtained for the coke degradation in the raceway zone 14, 17) despite of the different loading methods. Additionally this tendency agrees with the experimental results that the powder generation under sheer stress takes place in the area of which local porosity is higher than the critical porosity range.
12) Thus the single-particle degradation test of coke particle proposed in this study is able to 
